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Structure of 8B and astrophysical S, factor in Skyrme Hartree-Fock theory
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We investigate the ground-state structuré®fwithin the Skyrme Hartree-Fock framework where spin-orbit
part of the effective interaction is adjusted to reproduce the one-proton separation energy of this nucleus. Using
same set of force parameters, binding energies and root mean square radii of otteshightunstable nuclei
8Li, ’B, "Be, and®C have been calculated, where a good agreement with corresponding experimental data is
obtained. The overlap integral &8 and’Be wave functions has been used to determine the root mean square
radius of the single proton in a particular orbit and also the astrophySitadtor (S;) for the "Be(p, y)®B
radiative capture reaction. It is found that the asymptotic regiistances beyond 4 fpof the p-shell single-
proton wave function contributes more than half to the calculated &l@é fm) of the corresponding single-
particle root mean square radius. The valué&gfis determined to be 22.0 eV b which is in good agreement
with the recommended value for the near zero en&gyf 19.173eV b.
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I. INTRODUCTION Be(p, 7)®B reaction has been studied extensively both
theoretically as well as experimentally—13. S;; is deter-

Studies involving rare neutron-rich and proton-rich iso-_ . . . .
._mined either by direct measuremerjts4] or by indirect
topes are currently at the forefront of the nuclear physics . : 8
. . . methods such as Coulomb dissociat[d®] of °B on heavy
research. Experimenfd—3] performed with beams of nuclei

o . targets and transfer reactions in whieB is either the re-
far from the beta stabilityNFABS) line have revealed many ?id%al nucleus or the projectile nucled$—19. Efforts have

features of these systems which are not present in their stab i : . .
: fiso been made to calculate the cross section of this reaction
counterparts. For example, some NFABS having very sma

. . . . . -~ within the framework of the shell model and the cluster
particle separation energies are very large in their radial di

. . . model [20-22. The key point of these calculations is the
mensiongthey are also called halo nucjetheir radii are not  yoiormination of the wave functions 88 states within the
governed by the usuahA® (with ry=1.20 andA being the given structure theory.

mass of the nuclegsule. The discovery of these nuclei un- = Ajm of the present study is to investigate the structure of
derlines the necessity of revising the traditional picture ofég i the framework of the Skyrme Hartree-Fo¢8kHP)
nuclear structure in important ways since away from ghe model which has been used successfully to describe the
stability nuclear dynamics are characterized by a variety ofjround-state properties of both staf8—26 as well as ex-
new features not present in stable nuclei. In the halo regiostic nuclei[27-30. The phenomena of nuclear skin and halo
the quantum dynamical effects play a crucial role in distri-have been studied in medium mass and heavy n{2%8Q
bution of the nuclear density in the zone of very weak bind-within the Skyrme-Hartree-Fock-Bogoliubov method using
ing. the SLy4 Skyrme forcg31]. The SKHF method with density-
Proper knowledge of the structure & nucleus is impor-  dependent pairing correlation and SLy4 interaction param-
tant for several reasons. This nucleus perhaps is the mosters has been successful in reproducing the binding energies
likely candidate for having a proton halo structure, as its lasand root mean squangms) radii [29] in the light neutron
proton has a binding energy of only 137 ke®R produced halo nuclei®He, ®He, ''Li, and “Be.
via 'Be(p, 7)®B reaction in the Sun is the source of high  We solve spherically symmetric Hartree-FagkF) equa-
energy neutrinos which are detected in Sudbury Neutrindions with SLy4[31] Skyrme interaction which has been con-
Observatory(SNO), Kamiokande, and Homestake experi- structed by fitting to the experimental data on radii and bind-
ments[4—6]. Therefore, accurate determination of the crossng energies of symmetric and neutron-rich nuclei. This has
section of this reaction at relative energies corresponding talso been used in Ref30] to study the phenomenon of
solar temperature@bout 20 keV is very important to the shape coexistence in semimagic isotopes of Mg, S, and Zr
solar neutrino issue. In this energy region, the cross sectionuclei. In our calculations pairing correlations among nucle-
0p(Ecm) [Which is usually expressed in terms of the astro-ons have been treated within the BCS pairing method. We
physicalS,«(E. ) factor] of the "Be(p, y)®B capture reaction have, however, renormalized the parameter of the spin-orbit
is directly proportional to the high energy solar neutrino flux.term of the SLy4 interaction so as to reproduce the experi-
A better knowledge 08, is, therefore, important to improve mental binding energy of the last proton in fi&nucleus. A
the precision of the theoretical prediction®# neutrino flux  check on our interaction parameters was made by calculating
from present and future solar neutrino experiments. binding energies and rms radii @e, 'B, 8Li, and °C nuclei

0556-2813/2003/68)/05432Q7)/$20.00 68 054320-1 ©2003 The American Physical Society



S. S. CHANDEL, S. K. DHIMAN, AND R. SHYAM PHYSICAL REVIEW C68, 054320(2003

with the same set where a good agreement is obtained with 3 13 %
corresponding experimental data. We calculate the rms radii EcoutexcPp) == Z(_) 4 J
for matter, neutron, and proton distributions f&: Using the m
overlap integral of HF wave functions féBe and®B ground whereqe {p, n} is the isospin label for proton and neu-
states, the rms radius of the valengehell proton in this tron. In Eq.('2) 7. is the kinetic energy densitisee, e.g.
nucleus has been determined, which is expected to providlgef_ [24] for its dqefinition). In Egs.(3) and (4) p is,pro-'
information about the proton halo structure®®. The over- ton density whilep is the sum of proton and neputron den-
lap integral has also been used to calculate the astrophysicg ies, andJ is the sum of neutron and proton spin densi-

Sy factor. ties (denoted individually for neutron and proton By. It

Thetpg]per E otrgdanlze_dtm theff?r:lowm%hwgy. ][n Sec. I|I wle may be noted that an additional coefficielof has been
present the short description of the method ot our calCula, 4, ced in the spin-orbit term of the energy functional
tions. Sec. Ill contains our results and their discussion Eq. (4)]

Summary and conclusions of our study are given in Sec. IV.

A, ©

The pairing energy function is introduced [&2]

2 .\ 2
Il. METHOD OF CALCULATIONS Epair == 2 Gq[ PORUNE —va)} . (7)
qep,n

aeq

In the Skyrme Hartree-Fock formalism binding energies,

densities, and single-particle wave functions are obtaineth Eq. (7) Gy are pairing matrix elements which are taken
from a local energy functional. Skyrme force parameters aréo be constant fog e p, n (G;=29/A MeV for each case
determined empirically by fitting the properties of the and the occupation probability of stateis denoted by,,.
nuclear matter, of stable nuclei, and of neutron §&f]. @ The BCS equations for the pairing weights are obtained by
Microscopically, the Skyrme functional corresponds to anvarying the energy functional with respect tq,. This
expansion of the nuclear interaction up to the first order iryields the standard BCS equations for the case of a con-
momentum transfef23]. The ground-state properties of nu- stant pairing force. The occupation weights are then given
clei are derived self-consistently from the total energy func-by
tional of the nucleus which is given 4]

2 _ 1 1 (601_ eF.a)z (8)

Y (€0 era)®+ A2

E= EKE + Esk+ Esk,ls + ECouI+ ECouI,exch+ Epair - Ec.m.a

@ where €, is the single-particle energy of the given orbit.
The pairing gapy, and the Fermi energy:  are obtained
by the iterative solution of the gap equation and the par-
ticle number condition

where Exg is the kinetic energy functionalkEg is the
Skyrme functional Eg s is the spin-orbit functionalEc,,
is the Coulomb energy functionaEcgyjexch is Coulomb

exchange energy terrk,,; is the pairing energy, ané A
is the center of mas&.m) correction term. The first five aq = > Vul(l-vy,), (9)
terms of Eq.(1) are given by 9 aeq
* f =
Exe=47 >, | drr’s—r, 2) Aa z’q Yo (10
gepn’o 2my

where A, is the desired number of proton and neutrons.

- b b b This treatment is also called constant force approach.
Esdp. 7) =47rf drrz(—°p2+ bypT— —pV2p + _3pB+2) In the Hartree-Fock method the mean field localizes the
0 2 2 3 wave functions, which breaks the translational invariance.
- b by This causes spurious contribution from the c.m. motion to
47 > drrZ(_Ongr bbpq7q— _1ququ the observables. One way of removing this problem is to use
qepnJo 2 2 the projection-after-variation method in which the zero-point
b energy of nearly harmonic oscillation of the c.m. is sub-
_ _3p/3p2), (3) tracted from the mean-field energy functional. This correc-
3 tion term is written as
P2
" ne2 , £, = rEm) (11)
Eskis(p, J) =—4m | drri(byp VI+byp, VI, (4) 2Am
0

wherem s the average mass of nucleons @ng,==; p; is
1 1 the total angular momentum operator in the c.m. frame,
_ , / hich projects a state with good total angular momentum
E ——eZJd3rd3r N ———pc(rr, 5 W ) ; S
coulPp) 2 pel )|r - r’|pC( ) ® out of the given mean-field stat®Z . is written as
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2\ _ 2 a2 TABLE |. The comparison of theoretical binding energies for
= - +
(Pem) 20; Ve bl Pl bed ;B [vavswavs+ Ualip)] various nuclei calculated in self-consistent SkKHF method with ex-
R 5 perimental data. TH1 and TH2 represent theoretical results obtained
X(|<¢a|p| ¢,3>| ) (12) with modified and original values of thé,) parameter of the SLy4

. . . Skyrme force, respectively.
whereua(ﬁ):\/l—vi(ﬁ). This correction, however, is com- Y P Y

puted after variatiorti.e., posteriori. This prescription im- Nucleus BEMeV)

proves the total energy, but it is not clear that it improves the Expt. Theor.

wave functions. TH1 TH2

Spherical symmetric single-particle wave functions for a

nucleus are given in expansion basis by ‘Be 37.601 37.561 39.780

B 24.720 24.262 25.931
Po(1) = ba(r) XYy | m (6, ), (13) 8| 41.278 41.034 44.098

8B 37.379 37.739 40.677

where the spinor-spherical harmonics are given by
Y|aqua(0, ¢) and ¢,(r) represents the radial wave function.
Various densities used in Eq)—(8) are defined as

°c 39.716 37.035 37.416

are the same as those given in R¢0,30 except for the

pa() = 2 NoJtr (N2, (14 spin-orbit term which has been renormalized by taking
@sq =37.42 so as to reproduce the single-proton separation en-
ergy of®B. The adjusted value of the paramelglis smaller
To(r) = > NIV (0], (15)  than its original value of 61.50. This observation is in line
aeq with the weakening of the spin-orbit interaction in light drip

line nuclei noted in Ref{33]. In the following, the force with
VI =-iS N, V)V Xay ). (16) renormalized, will be referred to as TH1 and that with the
a PR “ original by as TH2.

) With the same set of force parameters we have calculated
In Egs.(14)-(16), N, represents the desired proton or neu-yoai hinding energies and rms radii of light unstable nuclei

tron number vyh|ch is eq.u'al tog, (BCS occupation prob- 8Li, 8B, B, 'Be, and°C. Results for binding energies are
abilities of orbitalg. Densities without an isospin label are presented in Table | where the corresponding experimental

P=Pp+pp T=Tp+ Ty, ANAI=Jp+ values are also show84]. Binding energies calculated with
TH1 and TH2 forces are shown in third and fourth columns
ll. RESULTS AND DISCUSSIONS of this table, respectively. It is clear that with the renormal-

ized by, our calculations reproduce the experimental binding
energies of these nuclei to the extent of 98%. Furthermore,
The values of various parameters of the SLy4 Skyrmehe single-neutron separation enefgyfor B as calculated
effective interaction as used in our calculations dge with the same force parameter set is 13.47 MeV which is in
=-2488.91,1,=486.82,1,=-546.39,13=13 777.0,b,=61.5,  good agreement with the corresponding experimental value
Xo=0.83,%x;,=-0.34,%,=-1.00,x3=1.35, and@zé. The values  of 13.02 MeV.
of b, and b/ parameters in Eqq3) and (4) have been ob- The rms radii for mattefr,), neutron(r,), and protor(r,,)
tained fromt; andx; by using the relations given in Appendix distributions are presented in Table Il for all the five isotopes.
A of Ref. [30]. We use two-body zero range spin-orbit inter- Also shown in this table are the matter, neutron, and proton
action by takingb,=h, combination[25]. These parameters radii (under the column “expt)’ extracted by methods in

A. Binding energies, radii, and density distributions

TABLE Il. Rms masg(ry,), proton(rp), and neutrorir,) radii for various nuclei. TH1 and TH2 represent the theoretical results obtained
with modified and original values of thé,) parameter of the SLy4 Skyrme force, respectively. Also shown, under the column “Expt.,"are
the values of corresponding radii extracted by fitting the reaction or interaction cross sections by different theoretical methods as discussed
in the text. We have defineg=(r32

Nucleus Rms radi{fm)
Expt. Theory
TH1 TH2
I'm "o n I'm Mo n f'm Mo n
Be 2.33+0.02 2.49 2.63 2.29 2.32 2.46 2.12
B 2.86 3.18 1.84 2.73 3.01 1.87
8Li 2.37+0.02 2.26+0.02 2.44+0.02 2.54 2.29 2.67 3.01 2.98 3.02
5B 2.55+0.08 2.76+0.08 2.16+0.08 2.57 2.73 2.27 2.84 2.96 2.73
2.43+0.03 2.49+0.03 2.33+£0.03
°C 2.42+0.03 2.59 2.77 2.20 2.13 2.32 1.67
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0
10 A 300 = | 4830, OVogugr.op 8, (0D
107
107 where |, and |z are the total spins of nuclehA and B,
S respectively, and is the position of the proton with re-
'é 10 spect to the c.m. of nucleus. o, is the spin variable of
= the proton, and stands for the remaining set of internal
z 10 variables which also include isospins. Equatid?) also
5 involves an antisymmetrization factor which is not shown
10 here for the sake of simplicity. In this expression nuclear
10° L ] wave functions¥, and ¥y are supposed to be properly
translational invariant. The Hartree-Fock wave functions
107 L calculated in the preceding section may not be so despite
0 2 4 6 8 10 the fact that a c.m. correction facté&, ,, has been incor-

r(fm) porated in the energy functional. Corrections for the spu-
rious c.m. motion should, therefore, be applied to the HF

FIG. 1. Density distributiorp(r) for protons, neutrons, charge, wave functions before using them in E@7). Effects of
and mass ifB nucleus calculated with SKHF method. such corrections on the one-particle overlap function cal-
culated within the shell model have been studied by sev-

which measured reactiofor interaction cross sections are eral au_tho_rs[38,3§§|. It is shown n Ref.[39] that _th|s
correction increases the one-particle overlap functoal-

fitted by theoretical models having them as input parameters

Culated with the shell model wave functionsn the
These numbers are taken from REf] for 'Be, from Ref. - . 5o
[35] for 8Li, from Refs.[36,33 for B, and from Ref[37] asymptotic region(beyond 3 fm by about 2-5% for

9 D N y lighter nuclei and even less than this for the medium mass
for °C. The quantities listed under “theory” column are the,noq 1t js likely that the situation will be more or less the
results of our calculations. Herg, is obtained by summing 5me for the HF case. In the following, we shall use the

the average of proton and neutron radii in every orbityr \wave functions for8B and 'Be as calculated in the
weighted with occupation probabilities. We see that for allpreceding section to evaluate our one-particle overlap
the isotopes, calculated with the modified, parameter is  fynction with the understanding that conclusions drawn
in better agreement with the corresponding values listed unfrom this study may have an uncertainty of this rather
der the expt columns as compared to that calculated with themall factor.
original by. Equation(17) can be written more rigorously as

In Fig. 1, we show distributions of matter, charge, neu-
tron, and proton densitiggn the units of fm?) in the coor-

dinate space. The density distribution has been obtained by 1B(r) =, (1AM Ajm[IgMg)(¢m

folding the HF results for proton and neutron densities with Cin

the intrinsic charge density distribution of nucleons in Fou- B B .

rier space by transforming the densities to form factors. In psuljm)i Rai (1Y em-u(F) X5y (18)

actual calculations of the nuclear charge density, the c.m.

correction effects are taken into account by unfolding thgynere ¢ is the orbital angular momentum for the relative
spurious vibrations of the nuclear c.m. in harmonic approXi{yotion of proton with respect to nucleus ands is the

mation[as is done in Eq(11) for the zero-point enerdyWe  gpin of the proton. Since the force parameter set TH1 is
note that nuclear charge and proton dens_ltle_s dn‘f_er V€lthosen to reproduce experimental one-proton separation
slightly from each other. The key point of this figure is thatenergy in8B. the function RE(-(r) in Eq. (18) has the

, 7 .

the neutron and proton densities differ quite a bit from ea‘?fbroper asymptotic behavior for this case. The same is not
other for distances larger than 3 fm, where the proton density e for the parameter set TH2.

develops a long tail. This is reminiscent of the situation in* o overlap function foPB and’Be nuclei is used in the
the neutron halo nuclei where the neutron density distribuzgcyation of an asymptotic normalization constant which is
tion has a long tail3]. This observation supports the exis- rg|ated to the astrophysical factsy,. It is also needed for
tence of a proton halo structure 8. the calculation of the valence proton density distribution
which could be one more source of information about the
existent of a proton halo structure in this nucleus. It should
be noted that the overlap function is not an eigen function of

To begin our discussions in this section we define a overthe total Hamiltonian and it may or may not be normalized to
lap function of the bound state wave functions of two nucleiunity.

B. Valence proton radius in 8B and astrophysical S, factor

B andA, whereB=A+p (p represents a protgnFor the case The rms radius of the overlap functicﬁiﬂ(r) corresponds
of interest in this papeA="Be andB=%B. We can write a to that of the’Be+p=2B bound statdor of the valence pro-
formal expression for this overlap function as ton) for a given{j combination. It can be written as
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® TABLE lll. SkHF results for asymptotic normalization coeffi-
(rP)7gep= N(O)_lf rdr|RR; (N2, (190 cientsty;, and astrophysicab factorsSt(0), S,(0), andSi,(0). Sy
0 corresponds to results obtained by using the HF overlap function
directly to a capture code whilg®, and S, corresponds to those

where obtained by using Eq25) with k=36.5 and 37.8, respectively.
N(0) = J r2dr| Ry (n)2. (20) SkHF
0 TH1 TH2
Using HF wave functions calculated in the previous sec- ?13/2 0.64 0.88
tions we get(r¥2 =4.76 fm. Conparing our results Crs2 0.34 0.29
: gen - : S(0)(eV b) 22.0 35.3
with those of other authorgas listed in Table | of Ref. 7 : :
[11]) we note that our results are in agreement with them SiA0)(eV b) 19.5 313
within 10—20%. Thus, almost all these calculations appear SH0)(eV b) 20.2 32.4

to be in agreement with the fact that the valence proton

has a large spatial extension 8. One exception, how- . .
ever, is Ref.[40] where a relatively smaller value of It may be mentioned here that the experimental value of

3.75 fm hasbeen reported for the valence proton rms ra-the quadru.pole moment 6B (which is twice as I'arge as the
dius in 8B. These authors have done their calculations b ?"“e pred_|cted by the Sh?” mogleian be _explalned with a
employing a two-body model with a Gaussian potential ofs!ngle-partlcle wave funct|_on corresp_ondmg to a matter ra-
range1.90 fm which may not describe accurately the tail dius of 2.72 fm[36,35. This observation has been thoyght
of the p-shell single-proton wave function i#B. of as a possible evidence for a proton halo structuréBin

We have estimated the contribution of the asymptotic parfrhe matter radius of this nucleus as calculated by our model

of the overlap wave function to the valence proton rms ralS Very close to the above value.

dius in 8B in the following way (see, e.g., Ref[11]). We Next, we present results for the ast_rophysis_@l factor
define the ratio calculated within our model. In the region outside the core

where range of the nuclear interaction becomes negligible
o (r>4.0 fm), the radial overlap wave functioR(r) of the
f r2dr|RR;(r)[? bound state can be written as
R

Cl(Rcut) = - ' (21) R§€J(r) = (_:|jW77’|+1/2(2kr)/r, (23)

2 B 2
redr|Rz,(r . . .
fo | A“( ) where W is the Whittaker functionk the wave number

corresponding to the single-proton separation energy, and
7 the Sommerfield parameter for the bound statéBnin

N(Ry,) ™ r4dr|R,E§€j(r)|2 Eq. (23, g is thg asymptotic; normalization constant, re-
Reut quired to normalize the radial overlap wave function in
Co(Rew) = > , (22)  the®B nucleus to the Whittaker function in the asymptotic
N(O)'lf r“dr|RﬁB\(j(r)|2 region. TheS,; factor is related to the proton capture cross
0 section as
whereR. is a cutoff radius andN(x) is as defined in Eq. SHE) = o(E)E &2m7®], (24)

(20) with x being the lower limit of the integratiorC; and .

C, give contributions of the asymptotic part to the norm of !t has been shown in Ref16] that at the zero energy the
the overlap function and to the rms radius of the valencest7 factor depends only ogj and one can writ¢21,22
proton, respectively. FoR.,=2.5 fm which is the calcu- _

lated value of the matteFrecruadius iBe (see Table I, we Sil0) = "2 Cii' (29

find Cy(Ry)[Co(R.,)]=0.620.87. This indicates that the '

region outside thé€Be core contributes up to 87% to the In Ref. [21], x(=37.8 has been obtained by using a mi-
valence proton radius ifB and that the probability of croscopic cluster model for the scattering states, while a
finding a valence proton outside tH&e core nucleus is value of 36.5 has been reported for this quantity in Ref.
about 62%. ForR.,=4.0 fm (beyond which the nuclear [22] using a hard sphere scattering state model. However,
interaction becomes negligiblave getC;(R.,)[Co(R.up] it has been argued in Ref21] that once the relevant
=0.320.65. This means that contributions to the valenceintegration distances are sufficiently enhanced in [R2Z]
proton rms radius are about 65% from the distances bethe value ofx there comes out to be 37.2, which is in good
yond 4 fm. These results provide further support to theagreement with that of the microscopic model.

existence of a proton halo structure in t*®# nucleus. As In our calculations, we have used our HF overlap function
remarked earlier, in these calculations we have assumedirectly as an input to a capture code where the scattering
that ‘Be behaves as an inert core inside ffi®enucleus. states are described by pure Coulomb wave functions be-
Consideration of the excitation ofBe core will not tween’Be andp. Thus, within an inerfBe core approxima-
change these conclusions significanitiyl,41]. tion our results are parameter-free. In Table SB?T(O) repre-
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sents the astrophysic8lfactor obtained by this method. We the matter radius ofBe core. This provides support to the
show results obtained by using overlap functions calculategossibility of 88 having a one-proton halo structure.
with both TH1 and TH2 force parameters. We see 8jg(0) The same overlap function is used to extract the
obtained with TH1 force is quite close to its adopted value ofasymptotic normalization coefficients 88— ’Be+p. Using
19.145 eV b. On the other hand, that obtained with TH2 isthe overlap function calculated with the modified force we
quite large and well beyond the maximum limit of this value. obtain an astrophysic&factor of 22.0 eV b while the origi-
We also show in this table values of asymptotic normalizanal parametrization leads to a value of 35.0 eV b. TBys
tion coefficients ands;+(0) obtained by using Eq25) with  calculated with the TH1 force lies within the adopted limits
x=36.5 and 37.§S>(0) and S{,(0), respectively These re-  (19.179 eV b) of the near zero energy astrophysigehctor.
sults are in agreement with those obtained by our methodhe values ofS;; obtained by using the corresponding
within 10%. asymptotic normalization coefficients follow the similar
trend. It may however be noted that the overlap functions
IV. SUMMARY AND CONCLUSIONS calculated with HF wave functions may have some uncer-
tainties coming from the fact that these wave functions may
In summary, in this paper we studied the structurélof ot be properly translational invariant. Work is in progress to
8B, 7B, 7Be, and9C nuclei within the Skyrme Hartree-Fock improve our calculations in this regard_
framework with SLy4 interaction parameters whose spin- The results of our calculations have a strong dependence
orbit part is renormalized so as to reproduce the last protogn the parameter of the spin-orbit term of the Skyrme inter-
binding energy irfB. The adjusted spin-orbit term is weaker action. This suggests that it may be possible to have some
than that of the original force. We calculated binding enerimportant clue about the effective interaction in drip line

gies, various densities distribution, and rms radii for theseyclei from the comparison of calculations with some ex-
nuclei. Using the same set of the force parameters, we obtaiferimental observables.

good agreements with experimental values of binding ener-

gies and rms matter radii for all these nuclei. We have cal- ACKNOWLEDGMENT
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